Microstructure-based constitutive models for multiphase steels require accurate constitutive properties of the individual phases for component forming and performance simulations. We address this requirement with a combined experimental/theoretical methodology which determines the critical resolved shear stresses and hardening parameters of the constituent phases in QP980, a TRIP assisted steel subject to a two-step quenching and partitioning heat treatment. High energy X-Ray diffraction (HEXRD) from a synchrotron source provided the average lattice strains of the ferrite, martensite, and austenite phases from the measured volume during in situ tensile deformation. The HEXRD data was then input to a computationally efficient, elastic-plastic self-consistent (EPSC) crystal plasticity model which estimated the constitutive parameters of different slip systems for the three phases via a trial-anderror approach. The EPSC-estimated parameters are then input to a finite element crystal plasticity (CPFE) model representing the QP980 tensile sample. The predicted lattice strains and global stress versus strain curves are found to be 8% lower that the EPSC model predicted values and from the HEXRD measurements, respectively. This discrepancy, which is attributed to the stiff secant assumption in the EPSC formulation, is resolved with a second step in which CPFE is used to iteratively refine the EPSCestimated parameters. Remarkably close agreement is obtained between the theoretically-predicted and experimentally derived flow curve for the QP980 material.
Introduction
The superior combination of strength and ductility [1] of the advanced high strength steels (AHSS) makes them particularly attractive for forming complex component geometries needed in the global automotive industries [2] . While the first [3] and second generations AHSS [4] are produced commercially, substantial effort is currently being directed toward the development of third generation AHSS (3GAHSS) with significant mechanical properties over earlier generations. Promising 3GAHSS candidates include the socalled TRIP-assisted QP (quenched and partitioned), which is produced with a quenching and partitioning (Q&P) heat treatment process [5e7] to increase carbon enrichment of stability of the retained austenite for both ductility and strength enhancements [8] . Currently, QP980 produced by Bao Steel is available in the commercial domain with a nominal ultimate tensile strength (UTS) of 980 MPa.
The overwhelming impact of microstructure on the mechanical response and in-service performance of future 3GAHSS will require accurate constitutive properties of the individual phases in these materials. The fidelity of the constitutive models for componentlevel finite element (FE) simulations of these steels will be especially dependent upon such properties since the material response to the multiple strain paths experienced both in forming and component performance must be accurately predicted. This is the critical first step towards minimizing the number of physical tests required to validate the component-level performance of the 3GAHSS, serving the ultimate goal of accelerating the development to deployment cycle of these materials. The individual phase constitutive properties discussed here are mainly the individual phase slip system parameters of dislocations, which include the critical resolved shear stresses and hardening parameters, which will determine the plastic response of these phases during loading and ultimately the material ductility, the strength and forming behaviors of the material. They cannot be easily measured experimentally, and hence a method that combines experiment and computation is often adopted.
In-situ volumetric diffraction measurements with high energy X-ray diffraction (HEXRD) can provide experimental data for inputs to various crystal plasticity (CP) models, such as the elastoplastic self-consistent (EPSC) model [9e15] and crystal plasticity finite element (CPFE) model, with which estimation of the slip system parameters can be made. The in-situ HEXRD test generates diffraction patterns that are indicative of changes in the microstructure as a specimen is incrementally strained, such as in tensile testing [9] . For individual phases, lattice strain changes of lattice planes normal to a specific direction (e.g. the loading direction) can be calculated from the peak shifts in the recorded diffraction patterns [16] .
Before straining, the texture and phase volume fractions can also be measured by HEXRD. The crystal plasticity (CP) models use the measured initial texture and phase volume fractions as inputs. With a set of assumed slip system parameters, the lattice strains as a function of macro-strains corresponding to those obtained from diffraction data can be calculated. The slip system parameters are then iteratively adjusted and a final set of parameters is obtained once the model calculated lattice strains match those from diffraction data measurement. This method of obtaining slip system parameters is hereafter referred to as the trial and error method.
In the EPSC framework, a grain aggregate of different phases, generated from the HEXRD measured texture and phase volume fraction data, is considered. Each grain is an independent Eshelby inclusion embedded in a medium with the average properties of the aggregate; hence, spatial distributions of grains as well as grain/grain and phase/phase interactions are ignored. Based on an initial set of assumed slip system parameters, the EPSC scheme computes the stress and strain state of each grain during straining. The total strain of each grain consists of elastic and plastic parts. Only the elastic strain will contribute to lattice distortion and it is used to calculate lattice strains of each grain. An average value of the lattice strains of a specific lattice plane (hkl) of a specific phase (p) along a specific direction, such as the LD (loading direction), ε LD ðhklÞp ðEPSCÞ, is then calculated by averaging the lattice strains of all the grains of phase p with (hkl) plane normal to LD. With a trial-and-error approach, the slip system parameters for various phases are finally determined when the calculated value of ε LD ðhklÞp ðEPSCÞ and its evolution during deformation matches the ε LD ðhklÞp measured with in-situ HEXRD tensile tests.
Alternatively, finite element-based crystal plasticity (CPFE) modeling can also be used to obtain the slip system parameters of individual phases. Unlike the EPSC approach, CPFE offers a greater degree of modeling fidelity since it explicitly resolves the spatial distributions of grains with FE discretization and considers the grain/grain and phase/phase interactions thereby accurately capturing the instantaneous compatible response among various grains and phases during plastic deformation [17, 18] . By explicitly resolving different grain orientations and phases in the FE meshes, however, each CPFE-based simulation run requires orders of magnitude higher computational time than that of an EPSC calculation, and the trial-and-error approach in identifying the individual phase properties may become computationally prohibitive for multiphase steels solely with CPFE modeling. Most of the literaturereported HEXRD-based phase property determination works use EPSC-based approach. Also note that EPSC analyses reported in the literature have focused primarily on the first generation AHSS, typically excluding austenite because of the low volume fraction (<5%) [10, 11] . As noted by Hu et al. [16] , the austenite phase in the 3GAHSS should be considered in CP models since the volume fraction can well exceed 5%. However, the complex behavior associated with strain-induced austenite to martensite phase transformation has not been directly considered in any crystal plasticity finite element modeling in calculating lattice strains due to the nature of non-continuity in the transformation.
The average stress vs strain relationships for individual phases can also be obtained with CP models (EPSC or CPFE) with the appropriate set of slip system parameters for each phase. The final computed set, which meet the aforementioned criteria, can subsequently be used in the microstructure-based property predictions [28, 32] or in state variable-based constitutive models for forming and component-level performance predictions [19] .
At the present time, no study in the literature has compared the results of the EPSC calculated average phase properties such as flow stresses to other CP methods, such as CPFE models with the EPSC-estimated phase slip system parameters for multi-phase steels. The present study aims to fill this gap. We focus on determining the slip system parameters as well as average stress vs strain relationships for individual phases of QP980, a commercial, multi-phase (ferrite (BCC), martensite (BCT), austenite (FCC), and new martensite (BCT)) 3GAHSS. We initially use the computationally efficient EPSC model to determine the individual phase constitutive parameters with a trial-and-error approach. These parameters are then input to a CPFE model of a polycrystalline virtual tensile sample. The results indicate that the CPFE predicted macroscopic stress vs. strain curve with the EPSC-generated phase parameters is consistently~8% lower than that obtained from EPSC and~10.5% lower than the experimental results. The CPFE calculated lattice strains are also found to be lower in three of the phases. To obtain more accurate slip system parameters associated with each phase in the material, a 2nd step involving CPFEbased HEXRD data interpretation is used to further refine the EPSC-calculated initial values of slip system parameters for individual phases. With the CPFE-refined parameter set for individual phases, good comparison has been achieved between the predicted and experimentally measured lattice strains for various phases and the macroscopic stress versus strain curve for the QP980. In addition, the CPFE-based model can also capture the lattice strain fluctuations observed in the HEXRD data. Note that phase transformation is not directly considered in all three crystal plasticity models (EPSC, CPFE). Rather, 50% of the retained austenite is assumed to have transformed to new martensite at the outset of deformation, while the remaining 50% austenite is untransformed in the microstructure throughout the deformation process. While the obtained phase properties for retained austenite and new martensite are considered not as accurate as those for ferrite and tempered martensite, we show that such an assumption yields reasonable results in terms of predicted lattice strains and macroscopic stress vs. strain relationships for the current Q&P steel with~12% retained austenite.
The remainder of this paper is organized as follows. The QP980 material is described in Section 2. In Section 3, the HEXRD experiments and analyses of the HEXRD data to obtain phase texture, volume fractions and lattice strains are detailed. In section 4, with HEXRD results, EPSC is used to obtain the slip system parameters. Then the EPSC calculated average phase stresses and macroscopic stresses are compared with those calculated by CPFE model using the same set of parameters. In section 5, CPFE model is used to refine those parameters for improved accuracy and average phase stress vs strain relationships are determined.
Material
A commercial 3GAHSS QP980 (BAO Steel), which is a TRIPassisted steel with~11.5% retained austenite, is of focus in this study. The material was produced by a Q&P process [5e7]. The asreceived microstructure consists mainly of ferrite (a), tempered martensite (a 0 T ) and retained austenite (g). The martensitic phase, formed after quenching, has a BCT structure with a unit cell that is a distortion of the BCC ferrite phase, a consequence of the anisotropic C distribution. The reduction of carbon in the martensite matrix during partitioning alters the lattice parameter of martensite to make the BCT crystal structure closer to the cubic ferrite, the equilibrium phase at the partitioning temperature. These changes render the martensitic phase softer after partitioning relative to the martensite after quenching. The martensite after partitioning is thus tempered martensite, hereafter denoted as a 0 T . The QP steel considered here has an ultimate tensile strength of 980 MPa, with chemical composition listed in Table 1 .
Note that Si is added to delay carbide formation, increasing the hardenability of austenite, while Mn is an austenite stabilizer. Fig. 1(a) is an optical micrograph (OM) and Fig. 1(b) is a field emission gun scanning electron microscope (FEG-SEM) micrograph of the QP980 microstructure. These show the three major constituent phases: ferrite (a), tempered martensite (a 0 T ) and retained austenite (g) in both blocky (g B ) and lath form (g L ). The lath austenite and tempered martensite are not clearly discernible in the optical micrograph ( Fig. 1(a) ) due to low resolution, and the entire colony (tempered martensite (a 0 T ) and lath austenite (g L )) is designated as "MA constituent" in the literature [20] . According to Xiong et al. [21] , the austenite phase in QP980 appears at two disparate length scales: blocky (micron-sized grains) and film-like (lath form with sub-micron-sized grains). They noted that the larger, higher C content blocky austenite transforms to twinned martensite at 2% strain and is completely consumed at 12% tensile strain. However, most of the smaller and lower C content film-like austenite had yet to transform at 12% tensile strain.
Experimental details and results
3.1. In-situ HEXRD tensile test and flow curves Fig. 2(a) is a schematic illustration of the in-situ synchrotronbased HEXRD tensile test setup at beam line 11-ID-C of the Advanced Photon Source (APS) at Argonne National Laboratory. The synchrotron beam energy and wavelength (l) are 106.42 keV and 0.01165 nm, respectively. Sub-sized dog-bone shaped sheet samples, with~1.0 mm thickness, were used. During a test, a monochromatic synchrotron X-ray beam impinges the center of the sample gauge section. The incident beam is nearly square, (500 mm Â 500 mm) and will diffract as it penetrates through the crystal aggregates of the entire QP980 thickness according to Bragg's law [22] : 2d hkl sin q hkl ¼ l (1) where hkl denote the Miller indices of the lattice planes, and d hkl and q hkl are the spacing and diffraction angle for the (hkl) planes, respectively. The diffracted X-ray beam from the lattice planes of a randomly textured polycrystalline material forms a series of cones each of which is associated with a specific lattice plane. A two dimensional Perkin-Elmer aSi flat panel detector lies at distance D behind the sample and captures the diffracted beams as circular Debye rings for different lattice planes. Fig. 2(b) illustrates the tensile sample geometry, with 10 mm gage length. The custom-designed tensile load frame has a 13 kN capacity. The distance D is 1.896 m and is calibrated via diffraction of a standard CeO 2 sample. The tensile test was conducted in displacement-controlled mode at a constant cross-head speed of 30 mm/s. After each displacement increment of 40 mm, the image on the area detector was recorded by a digital camera with 10-one second exposures. The sample was positioned such that one of the planar surfaces (LD Â TD) was normal to the incident beam during the in-situ tensile test. Here, LD is the loading direction (the rolling direction in the current study), while TD and ND are the transverse and normal directions, respectively.
Before the tensile test, diffraction patterns were also recorded as the sample was rotated around the loading direction (LD) from 0 to 90 to obtain the initial texture of the material. The HEXRDmeasured texture is volumetric and all grains through the thickness of a tensile sample (~1 mm) that fall within the beam contribute to the measured diffraction patterns. This gives a much better statistical measurement of the material texture relative to Cu Ka X-ray diffraction which has lower energy and operates in the reflection mode, as shown in the literature [23] , where penetration depth is only in the range of several microns.
Measured Debye rings before loading (ε ¼ 0, where ε denotes strain) of the QP980 steel for various diffracting planes of the austenite (g) and ferrite-like phases (a) are shown in the images in Fig. 3(a) .
The load cell attached to the tensile test frame generates an analog electric voltage signal which is recorded by a computer controller, and the obtained voltage data is used to calculate the actual load applied to the frame and the engineering stress of the sample. Load frame displacement data is used to calculate the engineering strain of the sample during the tensile test. Because of the high stiffness of the QP980 sample relative to the load frame, the stiffness correction procedure from Hu et al. [43] is applied to the engineering stress and strain calculations to obtain the true stress versus strain curves for three QP980 samples, as shown in Fig. 4(a) . The stiffness correction routine gives an accurate value of the engineering strain, which correlates very well with recent insitu measurement results from digital image correlation (DIC) [24] . Fig. 4 also shows good test repeatability for the three QP980 samples. The s 0.2 yield stress is~750 MPa, the ultimate tensile strength (UTS) is 990 MPa and the total elongation is~25%. The s 0.2 and UTS results are quite close to the baseline QP980 steel reported by Coryell et al. [23] . The total elongation is larger, however, which is typical for a sub-sized sample with small gauge length/width ratio in comparison with a standard ASTM sample. The resulting flow data will be used to validate the crystal plasticity model predictions of the macroscopic-scale flow behavior in the subsequent sections. Table 2 The slip system parameters (t 0 , t 1 , q 0 , q 1 ) as in Eqn. (6) HEXRD Debye ring images was first processed by the X-ray analysis software fit2D [25] . Firstly, the intensity of an image was integrated over b (see Fig. 3 (a)). Given that b ranges from 0 to 360 , the integrated intensity, I 0-360 , can then be calculated relative to the 2q angle. The resulting I 0-360 -2q profiles are shown in Fig. 3 (b), which can be used to calculate phase volume fractions. Note that the profiles extend up to 2q~5.7 , beyond which only partial Debye rings are recorded. The OriginPro software [26] was used to fit the diffraction peaks of the various phases, and the area under a given peak, A i j , was obtained for the lattice plane i of phase j. The volume fraction of phase j was calculated with the following equation [27] :
Here, Ph denotes the number of phases present, P j accounts for the number of peaks of phase j used in the calculation, and R j i is the X-ray normalization factor for peak i in phase j, which can be theoretically calculated [28, 29] . In QP980 steel, three constituent phases, namely, austenite (g, FCC), ferrite (a, BCC), and tempered martensite (a 0 T , BCT) comprise the as-received microstructure. One additional phase, new martensite (a 0 N , BCT), forms during tensile deformation. Since the BCT martensite has a crystal structure that is similar to BCC ferrite (but with slightly different lattice parameters), the peaks of these phases overlap in the diffraction rings and the integrated diffraction profiles. Hence, the peaks of a, a 0 T , and a 0 n are not explicitly differentiated in the calculation of austenite (g) volume fraction, and we refer to them collectively as ferrite-like phases (aþa 0 T þa 0 N ) or simply aÀlike phases in Fig. 3 . In Fig. 3(b) , the first three peaks (at small 2 q) associated with the austenite phase are (111), (200) and (220). Note that the measurement cannot distinguish between blocky and film austenite. The first three peaks associated with the ferrite-like phases are (110), (200) and (211). The calculated austenite volume fraction, fg, with macroscopic tensile strain, ε, is shown as Fig. 5 for the three samples tested. Here, the initial fg is~0.115 and it decreases to 0.04e0.05 at the end of deformation. Note that the retained austenite volume fraction variation with strain is only for reference here and will not be considered in the crystal plasticity models (EPSC or CPFE), where phase transformation is neglected. Rather, 50% of the austenite is assumed to have transformed into new martensite at the outset of deformation. The initial fg is slightly higher than the~0.095 value reported by Coryell et al. [23] from Cu Ka XRD, but very close to the 12% HEXRD result in Xiong et al. [21] for similar QP980 material from Bao steel. It is noted that the 50% transformation assumption is rather subjective, although it is better than the assumption of no austenite in the system at all like in similar works. As will be discussed later, this assumption will cause more errors on calculation results of austenite and new martensite.
3.2.1.2. Ferrite and tempered martensite volume fraction. The initial ferrite (a) and tempered martensite (a 0 T ) volume fractions are estimated using the areas of the two Gaussian peaks, corresponding to the two ferrite-like phases before deformation.
The two Gaussian peaks are labeled "Fit Peak 1 for a 0 T " and "Fit Peak 2 for a". Based on the areas of the Gaussian peaks for ferrite and martensite, the volume fraction of tempered martensite is estimated to be~58.4% among the ferrite-like phases. Considering the initial~11.5% of retained austenite, the initial volume fractions of tempered martensite and ferrite are estimated to be 51.7% and 36.8%, respectively. The volume fractions of the various phases are actually very close to the reported values obtained from image analysis of QP980 by Coryell et al. [23] .
3.2.1.3. Initial textures of austenite and ferrite-like phases. As mentioned previously, initial textures of ferrite-like phases and austenite will be used as input to the EPSC and CPFE crystal plasticity models. To measure the initial texture of the QP980 sample, the Debye rings were acquired incrementally by rotating the tensile sample around the LD from 0 to 90 relative to the normal direction (ND) at 4 increments. The pole figures for different lattice planes of the austenite (111, 200 and 220) and . (a) macroscopic-true stresses (s) and (b) retained austenite volume fraction (fg) as a function of macro-true strain (ε) from in situ tensile tests of three-QP980 samples (denoted as 1, 2 and 3) using the load frame at beam line 11-ID-C of APS. The macro-stresses and strains were stiffness-corrected and each sample was strained to fracture.
ferrite-like phases (110, 200 and 211) were then calculated from those Debye rings with a novel correction method, where the intensity of each measurement point is normalized by the integrated value of the full recorded image. This method not only corrected the effects due to changing X-ray penetration thickness of the sample when rotating, but also the intensity variations of incident beam. This method will be discussed in more detail in another paper [30] . These corrected pole Note that f 2 is the third Euler angle which represents the crystal orientation of grains (g¼(f 1 j f 2 )) in Bunge's notation [32] . Both the ferrite-like phases and the austenite phase have a rolling texture that is commonly observed for BCC and FCC alloys [33] .
Calculation of the lattice strains
When the sample is under tensile load, the lattice of each crystallite (e.g. grains) will stretch along the LD and shrink along TD. The lattice strains along the LD or the TD can be calculated from the shifts of lattice plane spacing (d hkl ) or diffraction angles (q hkl ). For the calculation of lattice strains along the LD, the integration along the arc with b ¼ 88-92 (see Fig. 3(a) ) is performed and the I 88-92 -2q curves can then be obtained from fit2D for each increment of deformation. The diffraction vector of those planes with b ¼ 88-92 has a very small angular deviation with respect to the LD. The (111)g and (110)a peaks are too close to each other and will gradually overlap with increasing strain; therefore, the peak shifts and lattice strains of those planes are not further considered. Hence, the lattice strains for the (200) and (220) planes of the austenite and those for the (200 and (211) planes of the ferrite-like phases will be calculated. Note that all of the analyses discussed hereinafter are focused on sample 1 (results from the other samples showed negligible differences).
3.2.2.1. Austenite lattice strains. Fig. 7(a) shows the (200)g peaks before and after loading (ε ¼ 0.14) of the QP980 steel where peak shifting from tensile straining is observed. Gaussian distribution functions are used for peak fitting, denoted as 'Gauss Fitting' in Fig. 9 , where the diffraction angle before (2q 0 hkl ) and after deformation (2q t hkl ) can be determined. Here, the superscript represents time, with 0 denoting before deformation and t denoting the current deformation time. In the literature [10] , the engineering strain formulation is usually adopted to calculate lattice strains from the changes of lattice spacing or diffraction angle via
The (200) and (220) lattice strains calculated for austenite are shown in Fig. 7(b) . Here, the (200) lattice strain for austenite along the LD is much higher than that of the (220) planes. Further, the lattice strain of the (200) increases much faster than that of the (220) lattice planes due to deformation-induced anisotropy (to be discussed shortly). (211), must be de-convoluted. This is accomplished with Gaussian peak fitting using the OriginPro analysis program [26] .
The discrete symbols in Fig. 5 show the HEXRD diffraction pattern for the (200) lattice plane of the ferrite-like phases before deformation. The clear asymmetry between the right and left portion of the measured diffraction pattern (separated by the green dashed line in Fig. 5 ) indicates that two Gaussian peaks can yield a good fit to the measured diffraction peak (see Fig. 5 ). Under a deformed condition, however, the (200) diffraction pattern becomes more and more asymmetric (see Fig. 8(a) ). This is due to the different deformation behaviors among the two original phases (a and a 0 T ) and the introduction of the freshly formed martensite, a 0 N , via austenite transformation. In this case, two Gaussian peaks will no longer yield satisfactory fitting of the asymmetric diffraction pattern, particularly for the regions with 2q around 4.35 , see value is assumed to be that of a 0 T . The lattice strains for the (200) and (211) planes thus obtained for the ferrite-like phases as a function of macro-strain are shown in Fig. 9(a) and (b) as open symbols.
In general, the lattice strains for the (200) lattice planes are about 1.7 times those of (211) lattice planes, indicating more lattice stretching along the LD for those martensitic grains with (200) planes perpendicular to the LD. Among the three ferrite-like phases, the lattice strain magnitude trends as follows: new martensite (a 0 N ) >tempered martensite (a 0 T ) > ferrite (a). This indicates that a 0 N has the highest flow stresses, followed by a 0 T . Ferrite is the softest phase among the three ferrite-like phases. (a) ε=0.14, two peak fitting (b) ε=0.14, three peak fitting 
Elastic-plastic self-consistent (EPSC) method
The experimental data detailed in Section 3 is next used to obtain individual phase slip system parameters by the use of CP models via the aforementioned trial-and-error approach. The texture and phase volume fractions obtained from HEXRD will be used to generate inputs for the models, while the comparison between HEXRD measured and predicted lattice strains serve as the slip system parameter selection criterion. The lattice strain for a lattice plane of a specific phase obtained in the in-situ HEXRD tensile tests is an average value for all the crystallites of the phase with their lattice planes (hkl) perpendicular to the diffraction vector (S hkl in Fig. 2.) , which is also the direction of strain ε hkl . The lattice strain and stress tensors can be related through the diffraction elastic constants [34] based on various assumptions such as isostrain (i.e., Voigt) or iso-stress (i.e., Reuss) models. It has been shown previously that neither the Reuss nor the Voigt model can lead to satisfactory individual phase stress-strain relationships in comparison to experimental data [16, 35] . These methods, therefore, will not be pursued in this study. The EPSC crystal plasticity models [36e38] for tension will be used here initially. With HEXRD measured lattice strains as the parameter selection criterion, the EPSC model has been used as the primary crystal plasticity tool in the literature [36, 37] for determining the slip system parameters for individual phases in 1st generation AHSS.
Unlike the Taylor model [33] for a polycrystalline material, which assumes uniform deformation in all grains, a self-consistent scheme, such as EPSC, accounts for the deformation heterogeneity of grains with different crystal orientations and shapes, which is considered by solving the Eshelby ellipsoidal inclusion problem [39] . This is accomplished with the approach developed by Hutchinson [36, 37] which consists of an extension of the Eshelby tensor of an ellipsoidal inclusion to macroscopically anisotropic materials. The EPSC model starts with an aggregate of grains of different phases of different volume fractions. Those grains have crystal orientations representing that of the texture of each individual phase. Each grain (g) has an instantaneous modulus M g in the homogeneous equivalent medium with overall moduli M. Each grain undergoes elastic-plastic deformation, and plasticity occurs by dislocation glide of slip systems present in that grain. The behavior of the medium represents that of the whole aggregate of grains. In the model, the interaction equation that links the microscopic strain rate tensor at the grain scale, _ ε g , to the macroscopic strain rate tensor at the polycrystal scale, _ ε, is derived in an iterative way via
with
where M* is introduced as a 'constraint' tensor for a matrix containing an ellipsoidal inclusion with the same orientation and shape as the grain. Here, the generalized Voce law is used to describe the hardening of the i-th slip system for each grain:
where G is the total accumulated shear for all systems over the deformation history and t i c is the instantaneous critical resolved shear stress (CRSS) as a function of G. 
where h ij are the hardening coefficients that characterizes "self"
(when i ¼ j) and "latent" (when i s j) hardening between slip systems i and j. Since "self" and "latent" hardening could not be distinguished in the diffraction data, a value of 1.0 is used for all components of h ij of all phases considered here.
An incremental stress boundary condition is applied for uniaxial ) and strain tensors (ε g ) for each grain and the average values for all the grains are calculated (s; ε). The elastic part of the strain tensors (ε e g ) for an individual grain is then used to calculate the lattice strain for a plane (hkl) of that grain. Only those grains with their lattice plane normals almost parallel to the loading direction are considered and the average values for the (hkl) plane are used to compare with HEXRD results. An iterative trial-and-error approach is then used to identify the slip system parameter set of t 0 i , t 1 i , q 0 i and q 1 i for each phase that yields the best match between the EPSC calculated lattice strain with that from in-situ HEXRD detailed in section 3.2.
Crystal plasticity finite element (CPFE) modeling
Note that the EPSC model does not consider crystal reorientation during deformation. Furthermore, the self-consistent scheme only considers the interaction between an individual grain and a medium with average properties of all grains considered. Individual grain-grain or phase-phase interactions are not included. The accuracy of the EPSC-determined individual phase slip system parameters is tested against a CPFE virtual polycrystalline tensile model. A 2 nd -step CPFE-based parameter refinement is performed with the initial EPSC-estimated parameter set as a reference, a new set of slip system parameters is obtained, expected to be more accurate since CPFE accounts for grain/grain and phase/phase interactions. The CPFE model explicitly resolves individual phases and grains with finite element meshes, and can hence better represent the material heterogeneity on the microstructure scale from the neighboring grain/grain and phase/phase interactions. In addition, grain re-orientation during deformation can also be considered. In this study, a two-step approach is proposed where we use CPFE to refine the initial EPSC-determined phase slip system parameters. The CPFE model is implemented in the commercial finite element package ABAQUS V6.10 with a user material subroutine (UMAT) based on the visco-plastic formulation of Asaro et al. [40] . The UMAT is based on the revised version [17, 41] of Huang's code [42] . Revisions to this code enable it to address multiple phases and calculate average lattice strains of crystal planes in each phase in the material. The detailed formulation of this CPFE-UMAT code can be found in the literature [40, 42, 43] . Here, only a brief overview will be given for completeness. In the ABAQUS-UMAT interface, the strain increment and increment of the rigid body rotation are provided at each integration point for each time increment, from which the current strain rate tensor D and rigid body spin tensor, U can be easily obtained, and hence the current velocity gradient L,
Note that L e and L p are the elastic and plastic parts of the velocity gradient L, respectively, and the plastic part, L p is related to the slip rates of all the slip systems via
where _ g i is the shear strain rate of slip system i, and b i and n i are the burger's vector and slip plane normal, respectively. D p and U p are symmetric and antisymmetric part of the plastic velocity gradient tensor, representing plastic part of the strain rate tensor and plastic spin, respectively. The strain rate tensor can be decomposed into elastic (e) and plastic parts (p), while the rate of spin tensor can be decomposed into lattice (L) and plastic spins (p).
In the crystal plasticity formulation, the slip rates of various slip systems, _ g i must be determined.
In a visco-plastic crystal plasticity model, the shear strain rate on each system i is assumed to be related to the resolved shear stress t i and the CRSS, t i c (also referred to as the slip resistance), by:
where _ g 0 is the reference shear strain rate (a constant), and m is a rate sensitivity coefficient. Similar to the EPSC model, the CRSS, t i c , at each integration point of the finite element model are calculated by the integration of Eqn. (7) where the modified Voce law (Eqn. (6)) is used for hardening. As long as the slip rates are obtained, the plasticity part of velocity gradient (L p ) can be found from equation (9) ) and lattice spin (U L ) can be calculated from equation (10), from which the total elastic strain tensor (ε e ) and crystal orientation for each integration point can be updated at the end of each time increment. The new stress tensor can be calculated from the stress tensor at the start of the time increment provided from the Abaqus-UMAT interface and D e based on Hooke's law [42] . Since there is no temperature change considered, the lattice distortion is a result only of elastic deformation from which the lattice strains can be calculated.
Results and discussion

EPSC modeling
An aggregate of 40,000 grains is considered as the representative volume element for the QP980 material which consists of four phases: a, a 0 T , g, and a 0 N . The total volume fraction of austenite and a 0 N is assumed to be 11.5% (4660 grains), as suggested from the results in Fig. 5 . Based on the calculated volume fractions of the initial ferrite-like phases, there will be 14,720 ferrite grains and 20,680 tempered martensite grains.
As stated previously, the a 0 N is assumed to exist at the outset of deformation with a volume fraction of 5.75% (2300 grains) and another 5.75% (2300 grains) is assumed to be austenite in the model. All 37,700 grains of the three ferrite-like phases (aþ a 0 T þa 0 N ) are generated based on the texture of the ferrite-like phases (see Fig. 6(a) ) calculated from HEXRD measurement through the MTM-FHM texture analysis software package [31] . Similarly, the 2300 austenite grains are generated based on the texture of austenite (see Fig. 6(b) ). The slip systems that contribute to deformation of the ferrite-like phases are assumed to be (110) <111>, (112)<111> and (123)<111>, while the slip systems for the austenite are (111)<110>. With the EPSC model described above and the trial and error method described in Section 4.1, a set of slip system parameters for the ferrite-like phases and austenite phase are obtained and shown in Table 2 .
Using these parameters, the EPSC calculated lattice strains (solid lines in Fig. 9(b) ) for the ferrite-like phase grains with their (211) lattice plane normals parallel to the LD correspond well with those obtained from HEXRD data (discrete symbols in Fig. 9(b) ). In general, it is also true for grains with their (200) lattice plane normals parallel to the LD, see Fig. 9(a) . Among the martensite phases, the calculated lattice strains of the a 0 N show more deviation from the HEXRD results relative to the a 0 T . This can be attributed to the fact that austenite to martensite phase transformation is not considered in the EPSC model. Fig. 7(b) shows measured and calculated lattice strains for the austenite grains whose (200) or (220) lattice plane normals parallel to the LD. Although the large differences between the (200) and (220) lattice strains are captured by the EPSC model results in general (solid lines in Fig. 10 ), the evolution of lattice strain calculated for the (220) lattice strains (red solid line in Fig. 7(b) ) show a big difference with those from the HEXRD experiment.
Using EPSC-estimated slip system parameters in CPFE models
In this section, we will use the EPSC-estimated phase slip system parameters in Table 2 as input to a CPFE model. The macroscopic stresses and lattice strains versus macroscopic strains will be calculated and the results will be compared with those results obtained from EPSC calculations and HEXRD measurements. Both CPFE and EPSC use this same set of parameters as shown in Table 2 . The average phase stresses vs average phase strains from CPFE and EPSC will also be compared since no direct experimental results are available. Fig. 10(a) shows reasonably good agreement between the EPSCpredicted macro tensile properties (solid line) with parameters in Table 2 and the experimentally measured stress-strain curve (discrete symbol). In both EPSC and CPFE, the macro stress-strain curve during deformation is calculated by averaging the s 11 and ε 11 over all the grains via, (12) where s 11 is the tensile flow stress along the LD. Here N ¼ 40,000 represents the total number of grains in the EPSC-considered grain aggregate.
The average stress versus strain curve for phase j (s j vs ε j ) are calculated similarly, but only averaging over all the grains belonging to that particular phase: (13) Here N j is the number of grains belonging to phase j (¼a, a 0 T , a 0 N and g). The average phase stress-phase strain curves obtained from the EPSC model are shown in Fig. 10(b) as the heavier symbols/ lines, with different colors representing the a, a 0 T , a 0 N and g phases.
The CPFE-predicted macro stress vs. strain and individual phase stress vs. strain curves are also shown in Fig. 10 as dashed lines. The ABAQUS CPFE model, which is shown in Fig. 11 (a) as a tensile sample, contains a rectangular domain with 10 Â 30 Â 90 8-noded brick elements with reduced integration (C3D8R) with each element representing a grain with a specific crystal orientation. The HEXRD measured texture for austenite and ferrite-like phases is used to generate grain orientations which are assigned to each grain (or element). Ideally, realistic grain structure representation of experimentally derived microstructure in finite element models are desirable for more accurate calculations. Such a model, however, would be computationally prohibitive if sufficient numbers of grains are to be considered. Displacement-controlled tensile loading is simulated by imposing displacement boundary conditions on the left and right free surfaces of the sample in Fig. 11(a) along the loading direction (LD). It needs to be noted that no constraints along both the transverse (TD) and normal (TD) directions are applied to both surfaces; therefore the model used here can be deemed as a unit cell model representing any part of a tensile specimen in the gauge section and the location of necking can appear anywhere along LD. The results in Fig. 10(a) show that the CPFE-calculated macroscopic stress-strain curve is about 8% lower than that obtained from EPSC and 10.5% lower than the experimental results from the in situ HEXRD test. In addition to the initial yield and the hardening behaviors of the polycrystal, the CPFE model can also predict the peak stress ( Fig. 10(a) ) and necking in the virtual sample (see Fig. 11(b) ) as a result of deformation instability. Fig. 10(b) shows that similar discrepancies are observed between the EPSC (dashed) and the CPFE (heavier symbols/lines) predicted average phase stress-strain curves along the LD. Overall, the CPFE-predicted flow stress is about 9e10% and 8% lower than the EPSC-predicted value for the ferrite-like phases and the austenite phase, respectively.
In addition, the lattice strains calculated from the CPFE model are also lower than those from the EPSC model (dashed lines in Fig. 9 ). This is most obvious for the (200) lattice strains for all the phases, while the lattice strains for the (211) for the ferrite-like phases and (220) for the austenite are much closer between the two models. Another observation is that more fluctuations (zigzags, to be discussed shortly) in lattice strains arise from the CPFE model, while the EPSC-predicted lattice strains monotonically Fig. 10. (a) The macro (average) true stress-strain curves for QP980 and (b) phases stress-strain curves for the phases calculated by the EPSC and CPFE models using the slip system parameters in Table 2 . The macro curves are compared with experimental (EXP) results.
increase with deformation. The HEXRD measured lattice strains also show some degree of fluctuations, see Fig. 9 .
While the EPSC model does not consider grain orientation changes during plastic deformation, the CPFE model, however, updates grain orientation and therefore can calculate texture changes of the various phases during deformation. Fig. 12(a)-(c) show the pole figures for the ferrite-like phases (a, a 0 T , a 0 N ), and The results show that a (110) fibre texture is developed for the ferrite-like phases ( Fig. 12(a)-(c) ). The calculated texture evolutions are typical for BCC (BCT). The pole figure for the austenite is not plotted here, since most of them have already transformed in actual tensile deformation. The differences between the deformation textures of the three ferrite-like like phases are not significant. Compared with the initial texture ( Fig. 6(a) ), the intensity at the LD pole is much higher for the ferrite-like phases, indicating more grains rotated to have 110 lattice plane normals parallel to the loading direction. This is consistent with the Debye ring intensity of (110) planes become much stronger along the LD direction (Compare Figs. 3(a) and 12(d) ).
As discussed previously and shown in Fig. 10 , the CPFE calculated individual phase stress and the overall stress levels are consistently lower than those calculated from the EPSC model with the same slip system parameters in Table 2 . The reason for this discrepancy can be attributed to the secant approach in the adopted EPSC formulation. Several formulations exist in the self-consistent (SC) method that relates stress and strain rates in each grain with the average values of the effective medium, including the stiff secant approach [36] , the compliant tangent approach [44] and the intermediate approximation [45] , where the last approach yields the response of a cluster of polycrystals that lies in-between the secant and the tangent approaches [46] . Since the EPSC model adopted in the current study is based on Hutchinson's formulation with the secant approach, it yields a stiffer solution, i.e. higher value of stresses (and hence lattice strains) than other formulations.
Refinement of slip system parameters
Because the CPFE model can explicitly consider the grain/grain and phase/phase interactions as well as the texture evolution during deformation (EPSC does not), we expect that it will provide more accurate predictions of the macro-scale flow behavior of the QP980 steel once the individual phase slip system parameters are accurately determined. However, the discrepancies between the CPFE-predicted stress vs. strain curve and experimental measurement in Fig. 10 indicate that the slip system parameters listed in Table 2 are slightly lower than the actual values for the various phases in QP980. A further refinement of the parameters therefore is needed.
Through trial-and-error, we found that when the t 0 values listed in Table 2 are increased to 466, 218 and 271 MPa for the a 0 T , a, and g phases, respectively and that for the a 0 N phase is kept unchanged, the CPFE-calculated macro stress-strain curve is in excellent agreement with the EPSC and HEXRD experimental results, see Fig. 13(a) . Furthermore, it seems that the location for the peak stress in Fig. 13(a) from CPFE is very close to that of the HEXRD measurements at~19% strain. The refined slip system parameter set is listed in Table 3 . The average phase stress-strain curves ( Fig. 13(b) ) for the various phases are very close between the CPFE model with parameters in Table 3 and those calculated from the EPSC model using the parameters in Table 2 .
The CPFE-calculated (200), (211) lattice strains for the ferritelike phases in Fig. 14(a) and (b) respectively, and the (200), (220) lattice strains for the austenite in Fig. 14(c) are also closer to those of the HEXRD experiments. The trend in the variation of the (220) austenite lattice strains (the red dashed line in Fig. 14(c) ) is much closer to that of the HERXD experiments (the red triangular dots in Fig. 14(c) ) than the EPSC model (the red solid line in Fig. 14(c) ).
Another interesting observation from the results in Fig. 14 is the CPFE-calculated fluctuations of lattice strain with respect to macrostrain (dashed lines), whereas the EPSC-predictions show smooth and monotonic lattice strain increase as deformation progresses (solid lines). Such lattice strain fluctuations are observed in the HEXRD measured lattice strains (discrete symbols). The fluctuation in the CPFE predictions can be traced to considerations of grain reorientation in the model. Since no grain re-orientation is considered in the EPSC model, those grains with a specific lattice plane normals parallel to loading direction (within a certain tolerance) at the start of calculation are always included in the calculation of lattice strains. Let us denote those grains in a phase with the specific hkl plane normal falling within 2 of the loading direction, i.e.
b ¼ 88e92 , as GT (Grains within angular Tolerance of ±2 ) and the rest of the grains as GNT (Grains not within an angular Tolerance of ±2 ). During deformation, grains rotate and re-orient themselves due to rigid body and plastic spins, and when this is considered as in the CPFE model, some GT grains can become GNT and vice versa. GT (the heavy dotted lines in Fig. 15 ) of all three ferritelike phases increase with deformation, corresponding to the formation of a 110 fibre texture calculated by the CPFE model as shown in Fig. 12(a)-(c) . It is also reflected on the 110 Debye ring in the HEXRD results (Fig. 12(d) ) which show more 110 intensity at the location corresponding to the loading direction. N 200 GT grains of ferrite appear to experience the most dramatic changes relative to other ferrite grains. It initially increases rapidly and then decreases to a level close to its initial value. A large variation is also found for the number of 200 GT grains for the new martensite phase, consistent with the several sudden drops of 200 lattice strains calculated by the CPFE model as shown in Fig. 12 (a) . The number of Fig. 13. (a) The macro stress-strain curves (b) average phase stress-strain curves calculated by EPSC using parameters in Table 2 and CPFE using parameters in Table 3 , respectively. The model calculated macro stress-strain curves are also compared with the experimental curve from HEXRD in (a). Table 3 The refined slip system parameters, t 0 , t 1 , q 0 , q 1 , via CPFE modeling, all in MPa. Fig. 14. The CPFE-calculated lattice strains vs. macro-strain with t 0 in Table 3 for: (a) (200) planes and (b) (211) planes of the a-like phases, (c) both (200) and (220) planes of g, in comparison with EPSC model results using t 0 in Table 2 and HEXRD experimental data.
200 GT grains for a 0 T shows the same trend as a, but changes more gradually and its final value is about of the initial one. N 211 GT grains, on the other land, decrease gradually with deformation. The above discussions indicate that the lattice strain fluctuation observed from HEXRD is most probably due to the crystal re-orientation during deformation.
Note that neither the EPSC nor the CPFE model has considered martensitic phase transformation and its influence on the lattice distortion during loading, and this may explain the discrepancies between the experimentally measured lattice strains and the calculated values for a 0 T and g. This is especially notable for the 200 martensite and 220 austenite planes, as shown in Fig. 14. In fact, no studies have been reported in the literature wherein lattice strains are computed while considering the martensitic transformation directly in CPFE models. Further development is needed to directly model the martensitic transformation in the crystal plasticity formulations in order to obtain more accurate individual phase properties in multiphase TRIP-assisted steels.
It must be noted that we have only used the lattice strains of HEXRD measurement along the loading direction (LD) for the determination for slip system parameters for the individual phases in the current work. From the HEXRD measurement, the lattice strains for all directions on the plane normal to the incident beam can be obtained. Other than the loading direction (LD), the transverse direction (TD) is another important direction. The elastic strains along the TD are usually compressive and smaller than those along the LD based on the Poisson's ratio. The smaller strains along the TD make deconvolution of the overlapping peaks between the ferrite-like phases more difficult. Therefore, the lattice strains along the TD are not used in the process of obtaining the slip system parameters. Here the HEXRD measured peaks for the ferrite-likes can only be separated into two peaks during peak fitting and the resultant lattice strains for (200) and (211) obtained this way are shown in Fig. 16 As for the austenite (Fig. 17) , the CPFE calculated lattice strains for the (220) planes correlate very well with results obtained from HEXRD measurement, while those for the (200) planes do not correlate well between the CPFE calculations and HEXRD measurements. A contributing factor is the absence of the austenitemartensite phase transformation in the models.
Summary remarks
In this study, in-situ HEXRD has been utilized to measure the austenite transformation kinetics, lattice strains and phase volume fractions and initial textures during tensile deformation of a multiphase TRIP-assisted steel. Both EPSC and CPFE models are utilized to determine slip system parameters for the constituent phases in the QP980, viz. the a-like phases (a, a 0 T , a 0 N ) and retained austenite (g). The results for both models are critically compared with experimental results. The following conclusions can be drawn:
1. With the EPSC-estimated slip system parameters as inputs (see Table 2 ), polycrystal CPFE model will yield lower macro stresses and phase lattice strains in respect to macro-strains than the experimental measurements. 2. The slip system parameters are refined based on a second CPFEbased modeling step. With the refined parameters (see Table 3 ) for the various phases in the alloy, the polycrystal CPFE model yields good predictions in terms of macroscopic stress-strain curves and lattice distortion compared with experimental results. 3. The trend of HEXRD obtained lattice strain variation of (220) plane of austenite (g) is much better captured by CPFE than EPSC. 4. The EPSC calculation is more computationally efficient than the CPFE model and it is still good for the initial estimation of the slip system parameters which can be later fine-tuned based on CPFE modeling. The EPSC-estimated average phase stress-strain curves may be used for microstructure-based finite element model where no grain level heterogeneity, i.e. crystal anisotropy, is considered.
No martensitic transformation is considered in the current work due to the difficulty of directly modeling such transformation and its impact on lattice distortions during deformation in crystal plasticity models. No existing work has been reported in the literature for such an effort. In this work, the retained austenite is assumed to have already partly transformed to new martensite before the EPSC or CPFE simulations. Since the volume fraction of austenite~12% is still relatively small in the current QP980 steel, the results in this study show that such an assumption can still yield good results compared with experimentally measured stress vs strain curves and lattice strain curves.
Quantifying the individual phase plastic flow properties is a critical link for the overall performance predictions of multiphase materials in the integrated computational materials engineering (ICME) framework. This study details a coupled experimental (HEXRD) and modeling approach in determining the critical resolved shear stresses and hardening parameters of the constituent phases in a TRIP-assisted steel. Two different models (EPSC and CPFE) are used, and the resulting critical resolved shear stresses and hardening parameters are different due to the different assumptions used. These results indicate that, from the ICME perspective, consistent assumptions must be ensured when passing data from one scale to the next scale.
